We report electron paramagnetic resonance measurements on single crystalline and powder samples of Nd 0.5 Ca 0.5 MnO 3 across the charge-ordering transition at T co = 240K down to the antiferromagnetic ordering transition at T N = 140K. The changes in the linewidth, g-factor and intensity as functions of temperature are studied to understand the nature of spin-dynamics in the system. We explain the observed large decrease in the linewidth from T N to T co in terms of motional narrowing caused by the hopping of the JahnTeller polarons yielding an activation energy of E a = 0.1 eV. Similar analysis of data on Pr 0.6 Ca 0.4 MnO 3 published earlier gives E a = 0.2 eV. Below T co , the g-value increases continuously suggesting a gradual strengthening of the orbital ordering. We give a qualitative explanation of the maximum in the asymmetry ratio A/B observed at T co and its temperature dependence in single crystal spectra which also supports the model of motional narrowing.
The interplay of charge, spin and orbital degrees of freedom in these systems results in a substantial fragility of the phase boundaries with respect to the varying physical parameters.
The dependence of physical properties on the choice of RE and A and their sizes can be quantitatively understood in terms of the tolerance factor t, defined as t = <r RE,A> +ro √ 2(<r M n >+ro)
, where < r RE,A > is the average ionic radius of the rare earth or the alkaline earth ion, < r M n > is the average ionic radius of the manganese ions and r o is the oxygen ion radius.
For x = 0.5 and a certain range of t(> ∼ 0.975), 4 these systems exhibit the much studied phenomenon of colossal magnetoresistance (CMR). CMR refers to the large negative change in the resistivity of the material on the application of a magnetic field. In zero field these systems show an insulator to metal transition coincident with a paramagnetic to ferromagnetic transition implicating the connection between the electronic and spin degrees of freedom.
For 0.975 < t < 0.992, the ferromagnetic metallic state becomes unstable with respect to an insulating, antiferromagnetic, charge ordered (CO) state (e.g. in Nd 0.5 Sr 0. ions being strong Jahn-Teller (J-T) ions, the mobile e g electron is also expected to carry the lattice distortion with it making the polaronic contribution to the conduction an important factor as well 9 . As far as the CO phenomenon is concerned, one of the possible origins of it is thought to be the strong intersite electronic repulsive interaction normally present in the transition metal based oxides 10 . However the long range Coulomb repulsion alone cannot explain the observed high sensitivity of the CO state to an applied magnetic field because of which the CO state of some systems "melts" into a ferromagnetic metallic state. This result points towards a role for the spins of the carriers as well.
Since electron paramagnetic resonance (EPR) is a powerful probe of spin dynamics, a number of EPR studies have been performed on CMR manganites aiming at understanding the microscopic nature of the interplay between spin and charge degrees of freedom [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
EPR results on the CMR materials show some characteristic features. The linewidths (∆H)
are large and show a minimum around the ferromagnetic transition temperature T c , increasing as a function of temperature on either side of it. Considerable amount of controversy exists regarding the interpretation of the ∆H dependence on T for T > T c . Seehra et al.,
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in an early study attributed this behaviour to spin-phonon interaction. While this interpretation was questioned in the later reports by other workers 12, 16 , present consensus seems to be that the linewidths have contributions from two main interactions, J-T distortion mediated crystal-field interactions(CF) and anisotropic Dzyaloshinsky-Moriya(DM) exchange In contrast, the only published EPR work on a charge-ordered manganite to date is that on Pr 0.6 Ca 0.4 MnO 3 (PCMO) 22 . In this work it was found that below the charge ordering transition temperature T co the linewidth increased slowly with the decreasing temperature (apart from a significant jump at T co ) before saturating at temperatures close to T N . On the high temperature side of T co , the temperature dependence was much weaker over the relatively small temperature range that was covered. In this study from the temperature dependence of the intensity above T co , the ferromagnetic exchange coupling constant was calculated to be 150 K. Further, the EPR g-factor showed the following interesting behaviour:
(1) A g shift opposite to the one expected for Mn 3+ and Mn 4+ was observed. (2) Below T co a gradual increase of g was observed with decreasing temperature, which was interpreted to be a signature of gradual strengthening of orbital ordering. (3) It was noted that the magnitude and the behaviour of g were different from those reported for the CMR manganites where a temperature independent g ∼ 2 was observed.
In this work we report the EPR study of Nd 0.5 Ca 0.5 MnO 3 (NCMO) in the temperature range 4.2 to 300 K covering the antiferromagnetic ordering temperature T N and the charge ordering temperature T co . At zero field, NCMO with t = 0.930 is an insulator throughout the temperature range with T co = 240K and T N = 140K. Below T N an antiferromagnetic phase with complete charge ordering and orbital ordering is observed. Between T N and T co , the orbital ordering gradually develops as the temperature is lowered from T co to T N .
At low fields both the antiferromagnetic phase and the CO phase have small magnetic susceptibility. At higher fields(> 10 T) 23 , however, a spin-flip transition occurs and the ordering becomes ferromagnetic and the charge ordered state melts. In the present work we offer an explanation for the temperature dependence of the EPR linewidths in charge ordered manganites including NCMO and PCMO, in terms of "motional narrowing" which 4 we believe is particularly applicable to the behaviour between T N and T co . From a qualitative understanding of the temperature dependence of the asymmetry ratio A/B, including the maximum observed at T co , we obtain an order of magnitude estimate of the electron diffusion time and show that it is consistent with the picture of "motional narrowing". The similarity between the experimental results of PCMO and NCMO shows that the observed features are fingerprints of the CO state.
II. EXPERIMENTAL DETAILS
The single crystals of NCMO were prepared by the float zone technique. The dc magnetic susceptibility shows a large peak at T co = 240K and a relatively smaller peak at T N = For the single crystal spectra we used the equation
where H 0 is the resonance field, α is the fraction of the dispersion component added into the absorption signal and ∆H is the line width. The use of the two terms in the equation accounting for the clockwise as well anticlockwise circularly polarised component of microwave radiation is necessary because of the large width of the signals.
The symmetric powder signals ( Fig. 1(b) ) are fitted to the Lorentzian shape function also incorporating the two terms as follows:
As can be seen from The origin of the EPR signal in manganites has been the subject of some discussion in literature. The temperature dependence of the asymmetry parameter A/B is shown in Fig. 3 . The insets of the figure indicate the procedure adopted to determine the ratio A/B. It is clear that one needs to determine the baseline of the signal accurately to obtain an accurate value of A/B. However because of the large width of the signals, it was not possible to experimentally determine the baseline. Therefore, the fitted signal was extended to high values of magnetic field(∼ 30,000 Gauss) till a nearly horizontal baseline was obtained.
Ideally one should observe the baseline on the low field side at the same level as that on the high field side . However, occasionally EPR signals, especially of the Dysonian lineshapes 27 exhibit a mismatch between the low field and the high field baselines. Therefore we have joined the high field baseline, obtained from extrapolation, to the zero field value of the fitted signal to determine the overall signal baseline and to calculate the A/B ratio.
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Obviously this procedure leads to some error in the values of the latter. However, the fact that the trend of the temperature dependence of the ratio including its maximum is correctly reproduced can be seen from the two insets to Fig. 3 , one for 225K and another for 190K.
We have also performed an independent experiment with a thicker sample and verified that the values presented in Fig. 3 are actually lower than those for the thicker sample, thus rendering credence to the arguments to follow. From the plot of A/B vs T shown in Fig. 3 it can be seen that, starting from room temperature to close to T co the A/B ratio remains essentially constant at a value ∼ 2.75. This value, being higher than 2.55 expected for showed that the demagnetisation fields arising from pores in polycrystalline samples and surface polished single crystals are responsible for the increase in ∆H. The systems studied by these authors differ from our samples in one important respect. They are in the long range ferromagnetically ordered state whereas we are concerned with the charge ordered state. Indeed it was found 29 that ∆H(T) for T > T min was proportional to magnetisation M(T) in these materials whereas in our systems, while ∆H increases with decreasing T, the magnetisation shows a non-monotonic behaviour, decreasing with decreasing T for most of the temperature range T N < T < T co .
Two questions are interesting in this context: (1) What is the origin of the linewidth? (2) What is the mechanism that narrows down the signal while going from T N to T co ? Huber 13 argues that in CMR manganites for T > T c , the exchange narrowed dipolar linewidths must be orders of magnitude smaller than the observed values and therefore the dipolar interaction cannot be the cause of the linewidths. The magnitude and the temperature dependence of ∆H then could be qualitatively explained with the assumption that the linewidth arises due to the anisotropic crystal-field(CF) effects and the Dzyloshinsky-Moriya(DM) exchange interactions. While it is likely that for T > T co in NCMO and other CO manganites, a mechanism similar to that observed for T > T c in CMR manganites is operative, it 9 is clearly different for T < T co since the T dependence is quite the opposite. [33] [34] [35] [36] [37] [38] . A common feature of EPR in all these materials is that approaching T N from above ∆H gradually decreases till close to T N where it quite sharply diverges. Thus, quite interestingly in the paramagentic phases of both antiferromagnetic and ferromagnetic systems the EPR linewidth decreases as the temperature is decreased towards the transition temperature. Our results on NCMO and on the previously reported PCMO show that, the behaviour in CO systems is exactly opposite;
∆H decreasing as the temperature is increased above T N . In the same temperature range, the resistivity also decreases due to the activated hopping of the charge carriers viz. the Jahn-Teller polarons. The hopping motion of these Jahn-Teller polarons involves the hopping of e g electrons with its associated spin from one site (Mn 3+ ) to another site (Mn 4+ ). This random motion of the magnetic moments can lead to "motional narrowing" of the linewidth as suggested by Huber 13 in a slightly different context.
An analogy can be drawn between this situation and the motion of the ions in fast ionic conductors where the NMR linewidth which is the result of intermolecular dipolar interaction decreasing with increasing temperature due to an increase in ionic conductivity. This is a result of the "motional narrowing" of the NMR linewidths. We believe that the narrowing of the EPR signals in the CO manganites can be understood along similar lines, the hopping of the e g electrons leading to the averaging out of the interactions between the Mn 3+ and Mn 4+ magnetic moments such as the DM interaction. The motion can also decrease the 10 effect of the crystal field distortion on the linewidth.
In the discussion of "motional narrowing" in NMR, the fluctuations which have significant spectral density around the frequency corresponding to the strength of the broadening interaction are known to have the maximum effect in averaging out the interaction. Assuming an exponential decay of the corresponding correlation function a semi empirical
where δω is the linewidth of the signal, δω Thus the rigid lattice linewidth and the residual linewidths are taken to be 3124 and 1208
Gauss, respectively for NCMO and 2773 and 1587 Gauss, respectively for PCMO.
In Figs. 5a and 5b we present the results of τ c dependence on temperature for NCMO and PCMO single crystals. Assuming an Arrhenius dependence of τ c on T of the form
, where k B is the Boltzmann constant, we estimate the activation energy E a to be 0.1 eV and 0.2 eV for NCMO and PCMO, respectively which are close to the values obtained from other experiments. For example, Vogt et al., 40 obtain E a = 0.12 eV from ρ-T measurements on NCMO. Similarly a value of 0.2 eV is obtained for the E a of PCMO 41 .
In view of the approximations made regarding the rigid lattice and residual linewidths, our 11
values of E a should be taken only as approximate. By varying the two linewidths by about 5 percent, we find that E a also changes by about 10 percent. Even then, the fact that our values are of similar magnitudes as those obtained from other experiments points towards the essential correctness of the approach. Figure 4b shows the temperature dependence of the g-factor in the powder sample.
The behaviour closely follows that observed in PCMO earlier by us. Both the unexpected positive g shift and an increase in the g value as the temperature is decreased are observed in NCMO as well. Since in the powder sample it is expected that the internal field effects are averaged out, we believe that the observed variation of g with temperature is intrinsic to the sample. This can possibly be explained by the changes in the spin-orbit coupling constant consequent to the orbital ordering. The effective g-value for a paramagnetic centre is given
where ∆ is the crystal field splitting and k is the spin-orbit coupling constant. The gradual build up of orbital ordering taking place when the temperature is decreased from T co to T N can change the spin-orbit coupling as well as the crystal field splitting which can give rise to the observed increase in the g-value.
As mentioned in section I, in manganites charge, spin, lattice and orbital degrees of freedom are intercoupled and the result of any experimental measurement may reflect contributions from more than one of these parameters. For example, it may be possible that the changing nature of the magnetic fluctuations i.e., from antiferromagnetic to ferromagnetic as the temperature is varied from T N to T CO could lead to the observed decrease in ∆H and g. However we note that while ∆H and g decrease monotonically with increasing T in a manner analogous to the behaviour of resistivity, magnetisation shows a non-monotonic behaviour. Further, the lattice constants of the crystal are shown 23 to change continuously from T N to T CO such that the distortion of the oxygen octahedra continuously changes.
This would lead to a continuous change in the crystal field and therefore in the g value. Our
conclusions related to ∆H(T) and g(T) should be viewed in the light of this discussion. electronic phase separation. Therefore, since the possibility of occurence of phase separation sensitively depends on the actual system, the nature of the phase transition, the level of doping and the rate of cooling 47 ,it is necessary to examine the actual system being studied from this point of view. NCMO has recently been carefully studied by Millange et al.,
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by neutron diffraction and they find no evidence of any mixed phases for T N < T < T co .
Instead, they find, as the temperature is decreased from T co to T N , ferromagnetic correlations continuously decrease while the antiferromagnetic correlations increase. Based upon this result, we feel that the behaviour of ∆H and g in NCMO is not a consequence of phase separation but can be attributed to the charge ordering at T co and the gradual development of orbital ordering as the sample is cooled from T co to T N . However further controlled experiments and calculations may be necessary to come to a definite conclusion about this aspect.
IV. SUMMARY
In summary we report EPR measurements on the charge ordering manganite 
